RATIONALE: While natural products isolated from medicinal plants can serve as a rich source of biologically active metabolites, mixtures of structurally related compounds of a polar nature are often difficult to chemically resolve by traditional separation techniques. Chemical derivatization to reduce metabolite polarity combined with liquid chromatography (LC) is the strategy presented here to resolve a mixture of structurally related natural product glycosides solvent extracted from the medicinal herb Teucrium polium for mass spectrometric characterization. METHODS: The partially purified plant extract was subjected to chemical derivatization and electrospray ionization mass spectrometry (ESI-MS) fragmentation pattern analysis allowed for structural characterization of iridoid and secoiridoid glycosides. Selected ions were subjected to tandem mass spectrometric (MS/MS) analysis with a relatively higherenergy collision dissociation to assist in structural elucidation. RESULTS: Permethylation replaced all protons from free hydroxyl and amino groups with methyls and resulted in increases in both hydrophobicity, for facilitated chromatographic separation, and proton affinity, for enhanced chemical ionization. Protonated and/or sodiated adducts were observed for the six compounds detected in positive-ion mode ESI-MS with a mass accuracy of less than 2 ppm. CONCLUSIONS: Permethylation combined with LC/MS analysis is shown here to be an effective chemical practice for separating and characterizing iridoid glucosinolates and is expected to be well suited for the chemical characterization of other polar natural-product mixtures of closely related compounds.
Teucrium polium, a member of the Lamiaceae family, is a traditional medicinal herbal [1] with solvent extracts exhibiting antibacterial and antitumor activity. [2, 3] In addition to the expected chemical profile of flavonoids and phenylpropanoid glycosides, aerial portions of the plant contain a less common class of compounds called iridoid glycosides (IGs). [4] [5] [6] [7] The name originates from the ant genus Iridomyrmex, from which the original iridoid structure was identified. [8] Typically isolated as glycosides and associated with medicinal herbs, the primary role of iridoids in plants is for herbivore and/or pathogen protection. [8] IGs also exhibit a broad range of biological activity including antioxidant, anti-inflammatory and anti-cancer activities. [9, 10] Structurally, iridoids provide a biogenetic and chemotaxonomic link between terpenes and alkaloids; they can serve as intermediates in the biosynthesis of alkaloids. [11] Initially, iridoids are monoterpenoids biosynthesized from isoprene. Their basic structure is formed as a result of cis-fusion of cyclopentane and oxygen-containing hetrocyclic rings; [12] carbon skeletons include cyclopentane, cyclopentene, and epoxytane rings. [13] Iridoids can be sub-classified into IGs, bisiridoids, non-glycosidic iridoids, and secoiridoids. [14, 15] Seco derivatives are generated by cyclopentane ring cleavage between C-7 and C-8 or the pyran ring between C-1 and O-2. Structural diversity, chemical instability, and high polarity are physicochemical features that complicate structural elucidation. Indeed, classic phytochemical techniques that require purified IGs in sufficient quantities for nuclear magnetic resonance (NMR) analysis are arduous and time-consuming and, in fact, in some cases can thwart the final chemical characterization. [16] [17] [18] A variety of mass spectrometric (MS) methods have been reported for investigating iridoids including chemical ionization (CI), fast atom bombardment (FAB) and electrospray ionization (ESI); [19] [20] [21] moreover, ultra-performance liquid chromatography (UPLC) coupled with ESI-MS has been effectively utilized for iridoid separation linked with chemical characterization. [17] A persistent weakness with this type of analysis is the poor resolution of these highly polar compounds combined with low ionization efficiencies that limits detection of low-abundance species. Chemical derivatization of partially purified iridoid extracts is investigated here as a possible solution for both poor chromatographic resolution and low ionization efficiencies.
Permethylation is a single-step chemical derivatization technique that replaces all protons from free hydroxyl and amino groups with methyls. [22] This structural change has been investigated with the goal to increase both hydrophobicity facilitating chromatographic separation and proton affinity enhancing chemical ionization. In addition to UPLC/ESI-MS/MSMS analysis of the permethylated compound mixture for structure analysis, MS n was achieved through higherenergy collisional dissociation. Additionally, ESI-MS in the positive-ion mode was performed for underivatized extracts to observe intact ionized species, i.e. the [M+H] + and/or [M+Na] + ion.
EXPERIMENTAL Materials
Sodium hydroxide beads, dimethyl sulfoxide (DMSO) and iodomethane were purchased from Sigma-Aldrich (St. Louis, MO, USA). Formic acid, high-performance liquid chromatography (HPLC)-grade acetonitrile, water, and ACS-grade dichloromethane and methanol were purchased from Fisher Scientific (Pittsburgh, PA, USA). 
Extraction and isolation

Permethylation
For solid-phase permethylation, partially purified plant extract (7 mg) was dried in a high-vacuum concentrator and re-suspended in high-purity DMSO (30 μL) with H 2 O (1.2 μL) and iodomethane (20 μL). The mixed sample was applied to spin columns (Harvard Apparatus, Holliston, MA, USA) packed with sodium hydroxide beads (3 cm height) and rinsed with DMSO; the mixture was allowed to react at room temperature for 25 min. The column was then centrifuged at 1.6 K rpm for 2 min and the solution collected. A second aliquot of iodomethane (20 μL) was added to the solution and the reaction mixture reapplied to the column, incubated for 15 min and re-centrifuged for 2 min. The column was rinsed with ACN (50 μL), centrifuged for 2 min at 1.6 K rpm and combined column elutions dried in vacuo.
LC/MS/MSMS
LC/MS/MSMS analysis was performed on a Dionex Ultimate 3000 UHPLC system interfaced with a LTQ Orbitrap Velos mass spectrometer (Thermo Scientific, Pittsburgh, PA, USA). Sample trapping was achieved by a C-18 cartridge column (2 cm × 75 μm, 3 μm, 100 Å) and sample separation was achieved using a C-18 nano-column (15 cm × 75 μm, 2 μm, 100 Å, Thermo Scientific, Pittsburgh, PA, USA) at a flow rate of 0.35 μL/min. Mobile phase A was 2% acetonitrile in water with 0.1% formic acid and mobile phase B was 100% acetonitrile with 0.1% formic acid. The elution gradient was set as follows. Initially, 2% mobile phase B was applied for 10 min. The gradient was then increased linearly from 2% B to 55% B from 10 min to 60 min. From 60 to 61 min, the gradient increased rapidly to 80% B and then was kept at 80% B for 5 min. The gradient then was dropped back to 2% B in 1 min and was maintained at 2% B for 10 min.
The positive-ion mode ESI-MS was operated in the m/z range 100-1000 with a 15000 resolution of the FT mass analyzer. The spray voltage was set to 1.5 kV, and the capillary temperature was 300°C. MSMS fragmentations were conducted in the HCD cell with 50% normalized collision energy. Since normalized collision energy is not a linear scale that applies a percent of the available voltage regardless of the ion mass but instead, automatically compensates for mass dependency, normalized collision energy results in greater energy for heavier than lighter ions and in turn obfuscates the determination of absolute collision energy values. Five MS 2 scans were performed after each MS scan in the data-dependent acquisition (DDA) mode. Data were processed using Xcalibur Qual Brower software (Thermo Scientific, Pittsburgh, PA, USA).
RESULTS AND DISCUSSION
Six iridoid glycosides with a cyclopentenoid skeleton linked to a dihydropyran or ring-cleaved dihydropyran ring (secoiridoid) were analyzed by MS/MS and diagnostic fragments identified. ESI mass spectra in positive-ion mode exhibited protonated and/or sodiated ion peaks for permethylated IGs. While it has been previously established that LC can remove sodium from the permethylated product, the solid-phase permethylation samples reported here contained sodium ions either originating from the glasswares, stainless steel, impurities in chemicals or solvents and/or picked up during purification from spin columns packed with sodium hydroxide beads. In any case, with the HCD MS/MS analysis, sodium adducts provided greater fragmentation information than the protonated adducts. The cyclopentenoids contain an olefinic C-7-C-8 methyl unit and as such are defined as 7,8-cyclopentene-type IGs (Fig. 1) . As structural analysis by IR, UV and NMR have been previously reported for these IGs, [5] [6] [7] this study focuses on MS characterization utilizing chemical derivatization and LC/ESI-MS/MS analysis. Fig. 2(a) ; Table 1 ). A lack of CO 2 loss for the sodiated ion by MS/MS (Fig. 3(a) ) suggested an absence of a carboxyl group. [13] The product ion peaks at m/z 423 ( + ) are derived from m/z 611 after losses of a permethylated rhamnose alone, a permethylated glucose alone, a permethylated rhamnose and glucose combined and a permethylated rhamnose and glucose with a water unit combined, respectively ( Table 2 ). The sodiated molecular ion at m/z 611 cleaved the cyclopenetoid iridoid and part of the permethylated rhamnose to generate m/z 447. The m/z 423 ion additionally fragmented to yield m/z 321 (an iridoid portion with glucose). The m/z 393 ion additionally fragmented to yield m/z 285 (an iridoid portion with rhamnose). The m/z 205 ion after the neutral loss of water (m/z 187) generated two five-membered rings at m/z 127 and 111 with dihydropyran cleavage (Fig. 3(a) ). The m/z 111 ion further fragmented within the cyclopentenoid skeleton to generate m/z 95 and 75. These observed MS/MS fragments provide chemical data on sugar and iridoid components. Based on fragmentation patterns of the sodiated molecular ion peak at m/z 611, glucose and rhamnose attachment at C-1 and C-5, respectively, could also be deduced. Specifically, ion peaks at m/z 187, 155, 127 and 111 are consistent with loss of a rhamnose to generate a free OH at position C-5 ( Fig. 3(a) ). Similarly, ion peaks at m/z 393 and 205 are consistent with loss of glucose to generate a free OH at position C-1 (Fig. 3(a) ). Diagnostic MS/MS fragments allowed for the identification of IG components as well as plausible sugar-iridoid linkages. In combination with previous NMR analyses of 7,8-cyclopentene-type IGs [5] [6] [7] for stereochemical determination, 1 was assigned as teucardoside; Fig. 2(b) , Table 1 ). The sodiated ion was further wileyonlinelibrary.com/journal/rcm selected for MS/MS experiments (schematized in Fig. 3(b) ). The m/z 437 ion generated sodiated and protonated ion peaks at m/z 217 and m/z 195, respectively, after the neutral loss of permethylated glucose followed by carbonyl formation at C-1. The sodiated permethylated glucose moiety is observed at m/z 259 which additionally generated the ion peak at m/z 241 by the loss of H 2 O and double-bond formation. The ion peak at m/z 241 was further fragmented to form m/z 187 and 135 (partial fragments of the permethylated glucose) as shown in Fig. 3(b) and Table 2 . The fragment ions at m/z 195 generated a peak at m/z 101 after both cyclopentenoid and dihydropyran cleavage and three five-membered rings at m/z 155, 127 and 111 after three successive cleavages in the dihydropyran ring ( Fig. 3(b) ). The m/z 111 ion further fragmented within the cyclopentenoid skeleton to generate m/z 95 and 75. These observed MS/MS fragments provided chemical data on sugar and iridoid components. Based on fragmentation patterns of the sodiated molecular ion peak at m/z 437, glucose attachment at C-1 could be deduced. Specifically, ion peaks at m/z 195 and 155 are consistent with loss of a permethylated glucose to generate a carbonyl group (after the loss of water due to free OH at position C-1) (Fig. 3(b) ). These diagnostic MS/MS fragments allowed for the identification of IG components as well as plausible sugar-iridoid linkages. Moreover, these data revealed that 2 is similar to 1 except for an absence of the monosaccharide attached to position C-5 of the basic skeleton; the presence of a methoxy group in 2 is supported by ion peaks at m/z 195, 155 and 127. In combination with previous NMR analyses of 7,8-cyclopentene-type IGs [5] [6] [7] for stereochemical (Fig. 2(c) , Table 1 ). A lack of CO 2 loss for the sodiated ion by MS/MS suggested an absence of a carboxyl group. [13] The cationized ion peak at m/z 469 generated m/z 451 after the loss of H 2 O, which is assigned to the permethylated iridoid backbone linked to a partially fragmented glucose (Table 2) wileyonlinelibrary.com/journal/rcm fragmented to form ions observed at m/z 227, 211 and 187 (partial fragments of permethylated glucose) as shown in Fig. 3(c) and Table 2 . The fragment ions at m/z 251 generated two five-membered rings at m/z 181, 127 and 111 after dihydropyran ring cleavage followed by cyclopentenoid ring-epoxide cleavage and demethylation (Fig. 3(c) ). The m/z 111 ion further fragmented within the cyclopentenoid skeleton to generate m/z 95 and 75. These observed MS/MS fragments provide chemical data on sugar and iridoid components. Based on fragmentation patterns of the sodiated molecular ion peak at m/z 469, glucose attachment at C-1 was deduced. Specifically, an ion peak at m/z 251 is consistent with loss of a permethylated glucose to generate a free OH at position C-1 (Fig. 3(c) ). These data also reveal that 2 and 3 are similar except for the replacement of a C7-C8 double bond in 2 with a 7,8-epoxide in 3. In addition, the C-5 carbonyl in 2 was replaced by a free hydroxyl group in 3 ( Fig. 3(c) ). In combination with previous NMR analyses of 7,8-cyclopentene-type IGs [5] [6] [7] for stereochemical determination, 3 was assigned as 1α-(β-D-glucopyranoxy)-7α,8α-epoxy-5β,6α-dihydroxy-8-methyl-1,5,6,7,8,9β-hexahydrocyclopenta[c]pyran.
Compound 4
ESI-MS analysis in the positive-ion mode generated cationized and protonated ions observed at m/z 627. Fig. 2(d) , Table 2 ). A lack of CO 2 loss for the sodiated ion by MS/MS suggested an absence of a carboxyl group. [13] The sodiated molecular ion at m/z 627 generated the ion peaks at m/z 445 and 415 (a glucose portion linked to the iridoid backbone with rhamnose) after partial cleavage of permethylated glucose. The m/z 627 ion also generated the ion peak m/z 385 after the neutral loss of permethylated glucose (m/z 259) which additionally generated the ion peak at m/z 227 (Fig. 4(a) , Table 1 ). The m/z 385 ion additionally fragmented to yield m/z 329 (an iridoid backbone portion with rhamnose). The m/z 385 ion generated three fivemembered rings at m/z 155, 127 and 111 with dihydropyran cleavage (Fig. 4(a) ). The m/z 111 ion further fragmented within the cyclopentenoid skeleton to generate m/z 95 and 75. These observed MS/MS fragments provide chemical data on sugar and iridoid components. Consistent with these fragmentation patterns of the sodiated molecular ion peak at m/z 627, glucose and rhamnose attachment at C-1 and C-5, respectively, could be deduced. Specifically, the ion peak at m/z 385 is consistent with loss of a permethylated glucose to generate a carbonyl group (after the loss of water due to the free OH at position C-1) (Fig. 4(a) ). Similarly, ion peaks at m/z 155 and 127 are consistent with loss of rhamnose to generate a free OH at position C-5 ( Fig. 4(a) ). These diagnostic MS/MS fragments allowed for the identification of IG components as well as plausible sugar-iridoid linkages. Based on the fragmentation pattern and previously reported NMR data, 4 is similar to 1 except for a dihydropyran unit opening at an ether linkage and unsaturation of the C9-C1 bond. In combination with previous NMR analyses of 7,8-cyclopentene-type IGs [5] [6] [7] for stereochemical determination, 4 was assigned as 1α-(β-D-glucopyranoxy)-7α,8α-epoxy-5β,6α-dihydroxy-8-methyl-1, 5,6,7,8,9β-hexahydrocyclopenta[c] pyran. 403.2327), respectively ( Fig. 2(e) ; Table 1 ). A lack of CO 2 loss for the sodiated ion by MS/MS (Fig. 4(b) ) suggested the absence of a carboxyl group. [13] The sodiated molecular ion at m/z 425, after partial cleavage of permethylated glucose, generated the ion peaks at m/z 237 and 219, assigned to a permethylated C-3 iridoid backbone linked to the glucose fragment CH 2 OH and a demethylated C-3 iridoid backbone linked to the glucose fragment CH 2 =CH, respectively. The m/z 237 ion generated m/z 175 after partial cleavage of both the dihydropyran and permethylated glucose. The glucose was observed at m/z 259 which additionally generated ion fragments at m/z 229 and 135 (Fig. 4(b) ; Table 2 ). The m/z 237 ion also fragmented to yield m/z 127 (dihydropyran ring-cleaved iridoid backbone) and m/z 111 (both cyclopentenoid and dihydropyran ring cleavage) (Fig. 4(b) ). The m/z 127 ion further fragmented within the cyclopentenoid skeleton to generate m/z 95. These observed MS/MS fragments provide chemical data on sugar and iridoid components. Based on fragmentation patterns of the sodiated molecular ion peak at m/z 425, glucose attached at C-1 could be deduced. Specifically, the ion peak at m/z 127 is consistent with loss of a permethylated glucose to generate the free OH at position C-1 (Fig. 4(b) ). Consistent with these assignments, 5 is similar to 4 except for the absence of a 5-O-rhamnopyranosyl moiety and saturation at C9-C1. In combination with previously reported NMR data of 7,8-cyclopentene-type IGs [5] [6] [7] for stereochemical determination, 5 was assigned as 4-[(β-D-glucopyranosyloxy)methylene]-5α-(2-hydroxyethyl)-5-(α-L-rhamnopyranosyloxy)-3-methylcyclopent-2-en-1-one.
Compound 6
ESI-MS analysis in the positive-ion mode generated a cationized ion observed at m/z 425.2147 [M+Na] + (theoretical, 425.2146) (Fig. 2(e) ; Table 2 ). Similar to 5, m/z 425 generated ion peaks at m/z 259, 219, 191, 135 for 6. Also similar to 5, ions at m/z 111, 95 and 75 generated from m/z 219 were observed. Based on fragmentation patterns of the sodiated molecular ion peak at m/z 425 and similarity to 5, glucose attached at C-3 or C1 could be proposed. The ion peak at m/z 219 supports the loss of the permethylated glucose portion and generation of a free OH at position C-1 or C-3 after demethylation (Fig. 4(c) ). Comparing the fragmentation behavior and the abundance of product ion peaks in MS/MS spectra of 6 with 5 ( Fig. 4(c) ), a structural similarity between 5 and 6 was evident. Consistent with these assignments and previous NMR analyses of 7,8-cyclopentenetype IGs [5] [6] [7] for stereochemical determination, glucose linkage assignment is specified to C-3. This result was supported by molecular mechanics modeling study as shown in Supplementary Figs. 1(a) and 1(b) (Supporting Information). Based on these assignments, the structure of 6 was assigned as 5α-[2-(β-D-glucopyranosyloxy)ethyl]-4α-hydroxymethyl-3-methylcyclopent-2-en-1-one.
CONCLUSIONS
A mixture of iridoid glycosides was isolated from a methanolic fraction of T. polium using chromatographic techniques. MS fragmentation patterns were characterized for permethylated derivatives based on positive-ion mode ESI-MS. wileyonlinelibrary.com/journal/rcm
